Background and objectives Intradialytic hypertension may be caused by an impaired endothelial cell response to hemodialysis. Carvedilol has been shown to improve endothelial cell function in vivo and to block endothelin-1 release in vitro. This study hypothesized that carvedilol would improve endothelial cell function and reduce the occurrence of intradialytic hypertension.
Introduction
Intradialytic hypertension is a common complication of hemodialysis that is under-recognized and its significance is underappreciated (1) . Our work has shown that intradialytic hypertension is independently associated with an increased risk of hospitalization and all-cause mortality (2-4). Our laboratory and others have shown that intradialytic hypertension is associated with severe impairments in endothelial cell (EC) function (5-7). However, it remains unknown if pharmacologic interventions targeting EC dysfunction can improve intradialytic hypertension.
Prior uncontrolled investigations have suggested that aggressive volume reduction may improve intradialytic increases in BP (8) , but this approach is not effective in all individuals (1) . Others have suggested that renin-angiotensin-aldosterone system (RAAS) inhibition may improve intradialytic hypertension (9) , but studies with conflicting results fail to consistently support this hypothesis (6) . Recent investigations have identified imbalances in EC-derived mediators of vascular function, including intradialytic increases in plasma endothelin-1 (ET-1) relative to nitric oxide among those with intradialytic hypertension (6, 7) . We have identified in vivo impairments in EC function among participants with intradialytic hypertension compared with controls, as measured by lower endothelial progenitor cells (EPCs) and impaired flow-mediated vasodilation (FMD) (5) . Considering that EC dysfunction seems to be one of the primary mechanisms responsible for intradialytic hypertension and is independently predictive of adverse cardiovascular outcomes (10) (11) (12) (13) , we propose that targeting EC dysfunction may represent a novel therapeutic target.
Carvedilol has been shown to block ET-1 release in vitro and to improve EC function as measured by improved FMD in patients with diabetes and hypertension (14, 15) . Thus, among a cohort of prevalent hemodialysis patients with intradialytic hypertension, we performed a pilot study testing the hypothesis that carvedilol would be associated with improved EC function as measured by improved FMD and increased EPCs. We further hypothesized that carvedilol would reduce the occurrence of intradialytic hypertension.
Materials and Methods

Patient Eligibility and Enrollment
We prospectively enrolled hemodialysis patients with intradialytic hypertension into an open-label intervention study that sought to determine if carvedilol could improve EC function and intradialytic hypertension ( Figure 1 ). Each patient served as his or her own control. Potential participants were screened using consecutive sampling from three hemodialysis facilities affiliated with the University of Texas Southwestern Medical Center in Dallas, Texas. We screened 96 patients for inclusion, 39 of which were ineligible, 27 refused participation, 30 enrolled, and 25 completed the study. Inclusion criteria were as follows: being on hemodialysis .30 days, age 18-80 years, ability to provide consent, patient deemed at their target dry weight, hypertension (predialysis systolic BP .140 mmHg or postdialysis systolic BP .130 mmHg), and the presence of intradialytic hypertension (defined as an increase in systolic BP from pre-to postdialysis $10 mmHg) occurring $4 of 6 consecutive hemodialysis sessions (2) . Exclusion criteria were as follows: active neoplasm or wounds, BP unable to be measured by routine methods, planned kidney transplant or planned move, intolerance or contraindication to b or a blockers, active therapy with carvedilol, inability to safely administer nitroglycerin, life expectancy ,6 months, or pregnancy.
Study Procedures
After providing informed consent, participants underwent a history and physical examination with a detailed review of their medical history and medications. To confirm that the screening BP pattern was consistent, up to 6 months of hemodialysis unit BP readings were reviewed. At baseline and monthly, we recorded dialysis unit laboratory results and concurrent dialysis prescription. At baseline and at least weekly, standardized BP readings (an average of three readings after 5 minutes of rest using an Omron HEM-907 monitor) were obtained by trained personnel before and after dialysis. After a mid-week hemodialysis session, blood was drawn before and after dialysis (see below) and participants underwent 44-hour ambulatory BP monitoring (Spacelabs 90207). The morning after the next mid-week hemodialysis session, participants were seen in our vascular laboratory for noninvasive vascular testing (see below).
Blood Sampling. Blood was drawn from the arterial port immediately after cannulation of the vascular access. Blood was processed and sent locally for measurement of complete lipid panel, high-sensitivity C-reactive protein, albumin, hemoglobin, and sodium. A 10-ml sample of whole blood was shipped overnight in EDTA-containing vacutainers for EPC analyses (16) . Plasma (taken before and after dialysis) was frozen at 280°C for measurement of ET-1 and asymmetric dimethylarginine (ADMA). At the study conclusion, ET-1 was quantitatively measured by commercially available ELISA kits (R&D Systems, Minneapolis, MN), with a detection limit of 0.02 pg/ml and intra-and interassay coefficients of variation of 2.6% and 4.6%, respectively. ADMA was measured by commercially available ELISA kits (Immundiagnostik AG, Germany), with a detection limit of 0.05 mmol/L and intra-and interassay coefficients of variation of 2.7% and 3.3%, respectively. ET-1 and ADMA were run in duplicate.
Measurement of EPCs. The EPC number was assayed using flow cytometry based on cell surface expression of CD34+CD133+ aldehyde dehydrogenase bright (ALDH br ) activity (16, 17) . Briefly, PBMCs were isolated using density gradient centrifugation and were washed, and relative level of EPCs in the mononuclear cell population was determined. ALDH br cells were identified using Aldecount as previously described (18) . EPCs were also identified based on cell surface expression after incubation with CD133-PE (Miltenyi Biotec) and CD34-FITC (Becton Dickinson). After incubation and washing, cells were sorted by a Becton Dickinson FACS Caliber machine, analyzed using FlowJo software, and the percentage of EPCs in the mononuclear cell population was determined.
Vascular Laboratory Testing. Brachial Artery Vasodilation. Testing of brachial artery FMD and nitroglycerin-mediated vasodilation was per standard guidelines and per our previously published protocol (5, 19) . Briefly, the brachial artery diameter was measured at baseline and after 5 minutes of brachial artery occlusion. FMD was expressed as a percentage change in brachial artery diameter (from baseline) and was normalized for peak shear stress (20, 21) . After 10 minutes of rest, endothelium-independent vasodilation was determined by the maximal vasodilation after sublingual administration of nitroglycerin (0.4 mg).
Carotid-Femoral Pulse Wave Velocity. Arterial tonometry and simultaneous electrocardiography was obtained from the brachial, radial, femoral, and carotid arteries using a pulse transducer device (Cardiovascular Engineering Inc, Waltham, MA). All data were digitized during the primary acquisition and analyzed in a blinded fashion. Waveforms from the carotid artery were used to measure central aortic BP. Pulse wave velocity (PWV) was measured as distance/ time using the foot-to-foot method (22) .
Study Follow-Up. After baseline testing, all participants were instructed to stop b blocker and a blocker antihypertensive medications and were initiated on 6.25 mg twice daily of carvedilol without a washout period. Participants were seen three times per week and carvedilol was titrated weekly over 4 weeks to a maximum dosage of 50 mg twice daily until cessation of intradialytic hypertension (D systolic BP ,0 during $2 consecutive hemodialysis sessions) or postdialysis systolic BP ,130 mmHg $2 consecutive hemodialysis sessions (Figure 1) . Throughout the study, standardized BP measurements taken before and after dialysis were used to target antihypertensive treatment. Frequency of intradialytic hypotension (systolic BP ,90 during dialysis), symptomatic hypotension (intradialysis systolic BP ,90 mmHg plus symptoms), and intradialytic bradycardia (heart rate of ,50 during hemodialysis) was collected throughout the study. If a patient exhibited hypotension or bradycardia in the interdialytic period, the study drug was cut in half for 1 week; if there were no further complications, carvedilol was titrated the following week to the maximally tolerated dose. Any adverse events were recorded and reported to the primary investigator and the institutional review board. Participants who were hospitalized during the study were allowed to complete the study unless comorbid conditions warranted otherwise. Participants' dialysis prescription remained unchanged throughout the study period. At the end of the 4-week titration period, participants were maintained on the highest tolerated dose of carvedilol and underwent repeat testing after 8 weeks on the maintenance dose.
Endpoints
The primary endpoints were changes in EC function measured in vivo by changes in FMD and by EPCs. Secondary endpoints included changes in plasma ET-1, ADMA, ambulatory BP, PWV, and frequency of intradialytic hypertension.
Power Calculations
On the basis of our previously published data (18), we determined that we needed 25 participants to provide 86% power to demonstrate a 22% increase in FMD, 85% power to detect a 40% increase in ALDH br cells, and 90% power to detect a 60% increase in CD34 + CD133 + cells from before therapy to after therapy with a correlation of 0.6 and a two-sided a of 0.05.
Statistical Analyses
Changes in EC function (FMD and EPCs) from baseline to the study end were determined by paired t tests or Wilcoxon matched-pairs signed rank tests. Paired tests were also used to determine changes in BP, laboratory variables, PWV, and frequency of intradialytic hypertension. All analyses were performed with SAS 9.2 software (SAS Institute, Cary, NC). Exploratory analyses were performed comparing changes in markers of EC function, arterial stiffness, and BP between participants with resolution of intradialytic hypertension (D systolic BP ,0 mmHg based on 2-week BP average at the study end) and those with persistent intradialytic increases in BP (D systolic BP .0 mmHg). This study was approved by the institutional review board at the University of Texas Southwestern and is registered with ClinicalTrials.gov (NCT00827775). All procedures were in accordance with the Declaration of Helsinki.
Results
Baseline Characteristics
Study participants had an average age of 53.9 years, and 80% were male, 36% were black, and 64% were Hispanic (Table 1) . Comorbid conditions were prevalent, and 88% of participants had diabetes and 32% had cardiovascular disease. Antihypertensive utilization was high among participants, and 64% were taking either an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker or both and 68% were taking a b-blocker before enrollment.
Changes in EC Function, Endothelin-1, and Arterial Stiffness At baseline, participants had impaired (endothelialdependent) flow-mediated vasodilation that significantly improved after 8 weeks of maximally tolerated carvedilol (from 1.03%60.70% to 1.40%60.84, P=0.02) ( Figure 2 and Table 2 ). As expected, nitroglycerin-mediated (endothelialindependent) vasodilation was unchanged with carvedilol therapy. Peripheral blood markers of potential EPCs, including ALDH br and CD34 + CD133 + cells, were low at baseline and did not change significantly during the study (Table 2 ). There was no significant change in either prehemodialysis or posthemodialysis plasma ET-1 levels with carvedilol. However, the intradialytic rise in plasma ET-1, while significant at baseline (from 4.9762.01 prehemodialysis to 5.9862.94 posthemodialysis, P=0.05), was abolished with carvedilol (from 5.5762.25 to 5.6462.91, P=0.8). However, the change in the change in intradialytic ET-1, while improved, did not reach statistical significance (P=0.1). There was no significant change in either plasma ADMA levels or PWV with carvedilol.
Changes in BP
At baseline, 77% (4.6 of 6) of hemodialysis sessions were complicated by intradialytic hypertension that improved to 28% (1.7 of 6) at study end (P,0.001.) Screening dialysis unit BP and subsequent weekly average standardized BP measurements are shown in Figure 3A . Individual 2-week average intradialytic changes in systolic BP from baseline and study end are shown in Figure 3B and Table 3 . As illustrated, 15 participants had resolution of intradialytic hypertension and 10 participants continued to exhibit an increase in systolic BP from predialysis to postdialysis. Overall, although predialysis systolic BP was unchanged, postdialysis systolic BP significantly decreased. Diastolic BP was not significantly changed during the study. The 2-week average D systolic BP (posthemodialysis-prehemodialysis) at baseline was +1569.1 mmHg and declined to 23.8616.1 mmHg at study end (P,0.001). Systolic and diastolic 44-hour ambulatory BP was also improved with carvedilol.
Trends in Differences in EC Function, Arterial Stiffness, and BP among Participants with and without Resolution of Intradialytic Hypertension
Among the 15 participants with resolution of intradialytic hypertension, there was a significant increase in FMD from baseline to study end and either no change in EPCs or modest increases (Table 4) . Although ET-1 levels overall were not significantly different, those with resolution of intradialytic hypertension exhibited an overall decline in ET-1 from before hemodialysis to after hemodialysis at study end. Furthermore, plasma ADMA levels declined among those with resolution of intradialytic hypertension. Among those with persistent increases in systolic BP during hemodialysis, FMD nonsignificantly increased and both EPC markers declined during the study. Finally, the intradialytic rise in ET-1 persisted throughout the study and ADMA did not change among participants who continued to exhibit increases in BP during hemodialysis. There was no difference in dry weight or dry weight management between those that improved and those who had persistent intradialytic hypertension.
Changes in Laboratory Parameters and Weight
There were no significant changes in serum albumin, high-sensitivity C-reactive protein, hemoglobin, serum (20) . Two PWV measurements were unable to be performed for technical reasons, two patients had inadequate samples for ET-1, and four patients had inadequate samples for ADMA. FMD, flow-mediated vasodilation; PWV, pulse wave velocity; ALDH br , aldehyde dehydrogenase activity; ET-1, endothelin-1; ADMA, asymmetric dimethylarginine. a P=0.03 for change in ET-1 from prehemodialysis to posthemodialysis at baseline. b P=0.9 for change in ET-1 from prehemodialysis to posthemodialysis at study end.
sodium, or cholesterol levels throughout the study period (Table 5 ). Target dry weight and intradialytic weight loss remained unchanged throughout the study (Table 5 ).
Study and Drug Tolerability
Eighteen participants tolerated 50 mg twice daily of carvedilol, two tolerated 37.5 mg twice daily, one tolerated 25 mg twice daily, and two tolerated 12.5 mg twice daily. During the course of the study, 0.1% (1 of 920) of sessions were complicated by transient intradialytic bradycardia, 9.0% (83 of 920) were complicated by an intradialytic drop in systolic BP ,90 mmHg, and 2.4% (22 of 920) were complicated by symptomatic intradialytic hypotension. In addition, one participant was hospitalized briefly with gastroparesis exacerbation, one participant was hospitalized for an access revision, one participant was hospitalized with pneumonia, and two participants were hospitalized for management of fluid removal due to large interdialytic weight gain. There were no deaths during the study.
Discussion
The principal finding in this study is that carvedilol administered at the maximum dose tolerated (not exceeding 50 mg twice daily) is associated with significant improvements in vivo in EC function in hemodialysis patients. Our study also identified carvedilol to be associated with a reduction in intradialytic BP, with lower interdialytic ambulatory BP, and with a reduced frequency of intradialytic hypertension. Thus, this study supports evidence from our laboratory and others that EC dysfunction may play a primary role in intradialytic hypertension and introduces new evidence that targeted pharmacologic therapy is associated with improvements in both EC function and intradialytic hypertension. Considering that we previously showed that intradialytic hypertension is associated with adverse clinical outcomes (2-4), carvedilol may represent a simple therapeutic option for these high-risk patients. However, this must be tested in randomized controlled trials.
In our study, we observed a 47% improvement in flowmediated vasodilation after 8 weeks of maximally tolerated carvedilol among participants with intradialytic hypertension.
Prior studies in nondialysis patients with diabetes have shown that carvedilol improves FMD in vivo (15) . Our study extends these findings and is the first to show the association between carvedilol with improvements in EC function in hemodialysis patients. Although we identified improvements in vivo in EC function, we failed to identify significant improvements in circulating markers of potential EPC. It is plausible that although carvedilol improved in vivo EC function as measured by improved FMD, the study follow-up was not long enough to identify bone marrow regeneration of reparative EPCs (23, 24) .
This study provides additional evidence for the relationship between EC dysfunction and intradialytic hypertension. Recent studies into the pathogenesis of intradialytic hypertension identified intradialytic imbalances in ET-1 relative to nitric oxide (6, 7) . In our recent case-control study, we identified lower predialysis EPCs and decreased FMD among patients with intradialytic hypertension compared with control hemodialysis patients (5). Thus, EC dysfunction is not only a prevalent finding in patients with intradialytic hypertension, but may also be a mechanism for the increases in BP during hemodialysis. Carvedilol has previously been shown to suppress ET-1 release in vitro in cultured human ECs (14) . In this study, carvedilol was associated with improved FMD but was not significantly associated with improvements in ET-1. Compared with patients with persistent intradialytic increases in systolic BP, those with resolution of intradialytic hypertension exhibited improvements in markers of EC function, although this study was not powered to identify significant treatment effects within subgroups. Taken together, these findings support the hypothesis that EC dysfunction may be a key mechanism responsible for intradialytic hypertension. Values are reported as mean 6 SD or n (%). P values determined from paired t tests a Values are 2-week averages of BP from the six hemodialysis sessions before intervention and the six hemodialysis sessions at study end.
In this study, carvedilol was associated with significant improvements in the frequency of intradialytic hypertension (from 77% to 28%). Prior small uncontrolled studies have suggested that either dry weight reduction or captopril may improve intradialytic hypertension (8, 9) . We did not lower dry weight because these patients had previously failed lowering of dry weight as a therapeutic option. In addition, we did not select RAAS inhibitors as a study drug because recent studies failed to show evidence of intradialytic RAAS activation among patients with intradialytic hypertension (6) . On the basis of pathophysiologic evidence supporting EC dysfunction as contributing to intradialytic hypertension, carvedilol was selected based on evidence that carvedilol (but not other b blockers) improves EC function (14, 15) . Our study showed that carvedilol was associated with both improved EC function and a reduced frequency of intradialytic hypertension. However, it is possible that intensification of other antihypertensive agents could have resulted in similar improvements in postdialysis BP. Thus, randomized studies are required to confirm these findings.
Carvedilol was also associated with improvements in interdialytic ambulatory BP. In an uncontrolled study of eight hemodialysis patients, supervised administration of atenolol postdialysis was associated with a 17 mmHg decline in systolic ambulatory BP (25) . In our study, the use of carvedilol was associated with a 7.7 mmHg additional reduction in systolic ambulatory BP. This occurred in the context of 68% of patients already taking a b blocker, thus the BP lowering was additive to what the patient exhibited with other b blockers. Although carvedilol lowered ambulatory BP, it is unknown if this improvement partially explains the observed improvement in FMD. In a study among 37 hypertensive non-ESRD patients with diabetes, carvedilol, but not metoprolol, improved FMD despite similar changes in BP (15). Although we found no significant differences in ambulatory BP among those who did and did not exhibit resolution of intradialytic hypertension, it remains to be determined if the observed improvements in EC function were unique to carvedilol or partially attributable to the overall improvements in BP.
Although our study identified novel associations between carvedilol and improvements in EC function and intradialytic hypertension, this study is not without limitations. This study did not include a placebo arm. We chose to use each patient as his or her own control given the known interindividual variability in FMD. A placebo controlled trial would require 175 patients per arm to be adequately powered to identify the predicted 22% differences in FMD. Given our study design, we cannot exclude the possibility that identified improvements were due to chance or changes in extracellular volume. Although undetected improvements in extracellular volume status could explain the observed reduction in ambulatory BP, the natural time course of EC dysfunction is that it worsens, not improves. In this pilot study, we sought first to probe whether carvedilol was associated with changes in EC function and to explore whether targeting EC dysfunction could improve BP patterns. This study was necessary to generate hypotheses and to provide data for planning for a larger trial. We acknowledge that there is an increased risk for a type II error with a small sample size and that there is an increased risk of a type I error with multiple testing. Thus, a randomized study design will be required to confirm these findings.
In summary, our study identified that carvedilol up to 50 mg twice daily is associated with modest improvements in EC function in vivo measured by increased FMD. We also found that carvedilol was associated with improved interdialytic BP and reduced frequency of intradialytic hypertension. Considering that we previously identified an association of intradialytic hypertension with increased morbidity and mortality as well as with impaired EC function (2-5,26), cause-targeted agents, such as carvedilol, may represent a simple therapeutic option in this highrisk patient population. However, randomized controlled trials are required to confirm these findings. Values are reported as mean 6 SD or medians and 25th to 75th interquartile ranges. P value determined from paired t tests or nonparametric signed rank tests.
